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The ion–aerosol balance equations are solved to get the proﬁles of atmospheric electric parameters
over the ground surface in an aerosol-rich environment under the conditions of surface radioactivity.
Combining the earlier results for low aerosol concentrations and the present results for high aerosol
concentrations, a relation is obtained between the average value of atmospheric electric space charge
in the lowest ∼2m, the surface electric ﬁeld and eddy diﬀusivity/aerosol concentration. The values
of eddy diﬀusivity estimated from this method using some earlier measurements of space charge and
surface electric ﬁeld are in reasonably good agreement with those calculated from other standard
methods using meteorological or electrical variables.
1. Introduction
Hoppel and Gathman (1971) showed that it is
possible to determine eddy diﬀusivity over the
open-ocean from atmospheric electric measure-
ments. In the method suggested by them, eddy
diﬀusivity can be determined either from proﬁles
of average electric ﬁeld or from average values of
space charge, electric ﬁeld and aerosol concentra-
tion near the sea surface. Hoppel and Gathman
(1972) later made such measurements oﬀ the east
coast of Barbados and found good agreement of
the eddy diﬀusivity estimates made from their
atmospheric electric method with those made from
the bulk aerodynamic method.
As an advantage of atmospheric electric method
over eddy correlation method for the estimation of
ﬂuxes, Markson and Sedlacek (1981) mention that
as the ﬂux of electric charge (called the eddy cur-
rent) is due to the positive space charge in the elec-
trode layer and the charge density in this layer is
proportional to the total atmospheric current, it
can be estimated using the scale analysis method
(Willett 1978) from simple dc measurements of
the electric ﬁeld and conductivity from a light
aircraft while the latter method requires expensive
arrangements including inertial navigation system,
large computer power and large aircraft with
gust probes. Their aircraft measurements oﬀ the
California coast show good correlation of the sur-
face layer eddy current peak values with the surface
water vapour ﬂux and the convective mixed layer
velocity. Also, they ﬁnd excellent signal-to-noise
ratio in the case of atmospheric electrical tech-
nique over that of eddy correlation technique since
in the case of vertical velocity derived measure-
ments, the corrections made due to ﬂuctuations
in the vertical velocity are so large that they
may be much greater than the vertical velocity
itself. For the electric ﬁeld data, these corrections
are so small that they need not even be calcu-
lated. Since, space charge undergoes decay in time
and is a passive scalar, it does not get well mixed
in PBL and gives rise to gradients, which can
be measured easily. This allows accurate determi-
nation of the passive scalar eddy diﬀusion coeﬃ-
cient, K which was diﬃcult to measure in the past.
Many numerical models use this turbulent eddy
diﬀusion coeﬃcient K to predict the dispersal of
pollutants.
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Kulkarni and Kamra (2001) (hereinafter referred
as KK) solved the ion-balance equations including
the eﬀect of surface radioactivity in the pres-
ence of low aerosol concentrations and suggested
that eddy diﬀusivity can be determined from the
surface measurements of electric ﬁeld and large-
ion space charge density for ﬁxed values of total
aerosol concentration. In this paper, we solve the
ion-balance equations including the eﬀect of sur-
face radioactivity in the presence of high aerosol
concentrations. Based on the present and earlier
solutions of KK, we describe a method with which
both the eddy diﬀusivity and aerosol concentra-
tion can be determined in a clean or polluted
atmosphere. The estimates of eddy diﬀusivity
made from some earlier measurements have been
compared to the estimates obtained from the bulk
aerodynamic and other methods.
2. Model
Recombination of ions and their attachment to
aerosol particles are the two dominant processes
which govern the dissipation of ions. In the
presence of large aerosol concentrations however,
recombination of ions can be neglected as com-
pared to attachment of small ions to aerosol
particles (Willett 1983). This can be veriﬁed using
the scale analysis of ion–aerosol balance equations.
Further, we can assume the average vertical velo-
city to be negligible since we are assuming uni-
form terrain with no orographical irregularities
such as hills or valleys or multi-storied buildings
to generate any standing waves. As production
of turbulence due to shear always dominates that
due to buoyancy near the surface even in a
very unstable layer (Willett 1979), we can use
eddy diﬀusion theory (K-theory) in our model
equations. K-theory is appropriate for near neutral
stability conditions, i.e., when vertical velocity
is small or in condition of negligible buoyancy
(Holton 1972; Stull 1988). Therefore, assuming
that the average electric ﬁeld is horizontally uni-
form, the average vertical wind is negligible and
that the atmosphere is horizontally homogeneous,
the steady state ion–aerosol balance equations over
a ﬂat surface can be written as:
dJ1
dz
= q − β0n1N0 − β1n1N2, (1)
dJ2
dz
= q − β0n2N0 − β1n2N1, (2)
dF1
dz
= β0n1N0 − β1n2N1, (3)
dF2
dz
= β0n2N0 − β1n1N2, (4)
J1 = kEn1 −Kdn1
dz
, (5)
J2 = −kEn2 −Kdn2
dz
, (6)
F1 = −τ dN1
dz
, (7)
F2 = −τ dN2
dz
, (8)
where J1 and J2 are the small ion ﬂuxes due to
positive and negative ions respectively in m−2 s−1,
F1 and F2 are the ﬂuxes due to positively and nega-
tively charged aerosols respectively in m−2 s−1, q is
the rate of ionization in m−3 s−1, n1 and n2 are the
concentrations of positive and negative small ions
in m−3, and N1 and N2 are the concentrations of
positively and negatively charged aerosols respec-
tively in m−3. N0 is the concentration of uncharged
aerosol particles in m−3. E is the atmospheric elec-
tric ﬁeld in V m−1. β0 and β1 are the attachment
coeﬃcients between small ions and electrically neu-
tral aerosol particles and between small ions and
aerosols of opposite polarity, respectively in m3 s−1.
K is the eddy diﬀusion coeﬃcient for small ions in
m2 s−1, τ is that for aerosol particles in m2 s−1 and
k is the mobility of small ions in m2 V−1 s−1. In the
above equations, the variables represent their mean
values averaged over time periods which are long
compared to the largest scale eddies found in the
atmosphere and during the periods when the condi-
tions of steady state turbulence can be assumed.
Following Hoppel (1967) and Hoppel and Gathman
(1971), the vertical proﬁles of ionization q and eddy
diﬀusion coeﬃcient K and τ can be written as:
q(z) = [Q0 + Q1 exp(−2.362z)], (9)
K(z) =
χz + γ
z + 100
(10a)
and
τ(z) =
χz
z + 100
, (10b)
where q(z) and K(z) and τ(z) represent the values
of q, K and τ at height z. Q0 = 7× 106 m−3 s−1
represents the ionization due to γ-radiations and
cosmic radiations near the surface. The second
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term on the right hand side in the ionization pro-
ﬁle represents the ionization due to trapped radon
gas when Q1 = 80 which is based on the theoretical
calculations of Hoppel (1967) and measurements of
Crozier and Biles (1966) and only due to β radi-
ation when Q1 = 4.8 based on the measurements
of Hess and O’Donnel (1951) and given by Hoppel
(1969). In equation (10), χ is a mixing parameter
in m2 s−1 and γ is an ionic diﬀusion coeﬃcient
in m3 s−1 which is the measure of ionic diﬀusion
and important in the micro-layer very near the
surface.
From Poisson’s equation, divergence of the elec-
tric ﬁeld is proportional to the space charge den-
sity contained in that volume. Previous studies
on atmospheric electrode layer (e.g., Hoppel and
Gathman 1971; Kulkarni and Kamra 2001; Willett
1978) use the upper boundary conditions for the
electrode eﬀect modeling as both ρ and dρ/dz van-
ish at the top of electrode layer. These studies
show that the electrode layer positive space charge
is maximum near the surface of the earth and
decreases gradually as we go away from the sur-
face. Also, the vertical gradient of it is strongest
near the surface and its strength decreases as we go
away from the surface. So, in the case of electrode
layer, we ﬁnd the behaviour of space charge density
ρ is directly proportional to that of its gradient
dρ/dz. Further, this can be justiﬁed mathemati-
cally as follows: while modeling electrode layer, the
required upper boundary conditions are the same
for space charge density ρ and its gradient i.e., both
vanish at the top of electrode layer irrespective
of stability conditions. This is possible only when
their respective per cent rate of fall is the same
at each level with respect to their surface values.
i.e., when ρα (dρ/dz). So, the above assumption
holds in all the stability conditions with respect
to the given upper boundary conditions. There-
fore, for the modeling of electrode layer, it is
quite reasonable to replace ρ in Poisson’s equation
with that of dρ. Also, as we are considering the
horizontally homogeneous situation, considering
only the vertical component, we can write the
following:
dE = c1dρ, (11)
where c1 is a constant of proportionality.
Integrating it,
E = c1ρ + c2, (12)
where c2 is a constant of integration.
At z = 0,
E(0) = c1ρ(0) + c2. (13)
At z =∞ i.e., when the asymptotic values of the
parameters are reached,
E(∞) = c2 (14)
because ρ(∞) = 0.
Substituting (14) in (13) we get
c1 =
E(0)− E(∞)
ρ(0)
. (15)
Therefore, at a height z, (12) can be written as:
E(z) = (E(0) − E(∞))ρ(z)
ρ(0)
+ E(∞). (16)
E(z) can be calculated from (16) by using n1, n2,
N1 and N2 obtained numerically from equations (1)
to (4) to get ρ(z).
The asymptotic values of electric ﬁeld and
aerosol concentration and the derived boundary
conditions used here are as given in KK. For the
sake of continuity we summarize them here:
As the derivatives of diﬀerent parameters vanish
when the asymptotic conditions are reached, from
equations (1)–(4) we get
N1(∞) = N2(∞) = N(∞) = β0Z2β0 + β1 . (17)
Due to omission of the recombination term in
equations (1) and (2), we get asymptotic value of
small ion concentration as:
n1(∞) = n2(∞) = n(∞) = q
βZ
, (18)
where Z = N1 + N2 + N0 is the total aerosol con-
centration in the vertical column of electrode layer
in m−3, and
β =
2β0β1
2β0 + β1
m3 s−1, (19)
where β0=1.4×10−12 m3 s−1, β1=4×10−12 m3 s−1,
e = 1.6× 10−19 C, ε0 =8.85× 10−12 F m−1, γ=5×
10−4 m3 s−1 and k = 1.2× 10−4 m2 V−1 s−1.
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The total current density, j in A m−2, is constant
with height and is given as:
j
e
= kE(n1 + n2)−K(z)
{
dn1
dz
− dn2
dz
}
− τ(z)
{
dN1
dz
− dN2
dz
}
m−2 s−1. (20)
The ﬁrst term on the right hand side of (20) is due
to the conduction of small ions, the second term is
due to the convection of small ions, and the third
term is due to the convection of charged aerosols.
Now, as discussed by Hoppel and Gathman
(1971), ions are annihilated at the surface. So,
n1(0) = 0 and n2(0) = 0. Further, since τ(0) = 0,
there is no need to consider the source term for
aerosols. On the other hand, at z = 0, K(0) is not 0,
and the continuity of current at the surface is main-
tained through the diﬀusion of space charge due to
small ions. Also, from (3) and (7),
dF1
dz
= −τ(z)d
2N1
dz2
− dτ
dz
dN1
dz
= β0N0n1 − β1N1n2. (21)
Similarly, from (4) and (8),
dF2
dz
= −τ(z)d
2N2
dz2
− dτ
dz
dN2
dz
= β0N0n2 − β1N2n1. (22)
At z = 0 it yields
(
dN1
dz
)
z=0
= 0. (23)
Similarly,
(
dN2
dz
)
z=0
= 0. (24)
Now, at the surface,
j
e
= −K(0)
{
dn1
dz
− dn2
dz
}
0
. (25)
The same current density at inﬁnity, i.e., at the top
of electrode layer in this case is given as:
j
e
= kE(∞)[n1(∞) + n2(∞)]. (26)
Equating (25) to (26), and assuming n1(∞) =
n2(∞) = n(∞), we get
E(∞) = −K(0)
2kn(∞)
{
dn1
dz
− dn2
dz
}
0
. (27)
There are now four unknown boundary condi-
tions at z = 0, namely, N1(0), N2(0), (dn1/dz)0,
and (dn2/dz)0, which are to be chosen to satisfy
the asymptotic boundary conditions given by (17),
(18), and (27).
3. Results and discussion
3.1 Proﬁles of atmospheric electric parameters
in polluted atmosphere
KK present the proﬁles of electric ﬁeld and
small ion and charged aerosol concentrations over
a ﬂat surface in relatively clean atmospheres
with Z = 5× 108 and 5× 109 m−3. Here, we solve
(1)–(4) and (16) to get such proﬁles in polluted
atmosphere with Z = 1011 m−3. Results for χ = 30
are plotted in ﬁgure 1 as an example. For
low aerosol concentrations in KK, the electric ﬁeld
smoothly decreases with altitude to its asymp-
totic value. In contrast, however, in the case of
Z = 1011 m−3, as shown in ﬁgure 1(a), the electric
ﬁeld decreases only in the ﬁrst few millimeters and
then increases sharply in the lowest ∼2m to attain
its asymptotic value. The asymptotic value of elec-
tric ﬁeld is inversely proportional to χ (as shown
in KK) and may attain a value greater than the
surface electric ﬁeld.
The thickness of the electrode layer is much
smaller in the case of Z = 1011 m−3 than in the
case of lower aerosol concentrations of KK. It is
also smaller (ﬁgure 1a) in comparison with both,
the height in which electric ﬁeld increases, and
the thickness of the superimposed convection cur-
rent layer which is deﬁned as the vertical extent of
the steady-state value (Willett 1983). This occurs
due to the drastic decrease in the life-time of ions
when the aerosol concentration is large. Moreover,
while the reverse electrode eﬀect is not observed
in KK when χ = 30, it manifests itself even for
such values of χ when aerosol concentration is
large which causes a large reduction in the total
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Figure 1. (a) Vertical proﬁles of electric ﬁeld and (b) small ion concentration and charged aerosol concentration for
Z = 1011 m−3 and χ = 30m2 s−1.
air–earth current density. So, from the results pre-
sented here and in KK, one can conclude that
the increase in ﬁeld in the lowest few meters of
atmosphere occurs due to the intense ionization
and the subsequent formation of the negative space
charge layer close to surface in stable conditions,
and due to the high aerosol concentrations in
turbulent conditions.
In ﬁgure 1(b) we present proﬁles of small ion
concentrations. In this ﬁgure we see that up to 1m
or so there is contribution of positive space charge
by small ions as well as aerosol particles. Above
1m, the positive space charge is due to aerosol
particles only. This distinction is not there in the
earlier results of KK when the aerosol concentra-
tion is low. So we can conclude that in the case
of maritime environment or over less polluted land
surface, the electrode eﬀect positive space charge
is due to small as well as large ions at all levels
in electrode layer but in the case of polluted
land, it is due to aerosols only at the higher
levels.
3.2 A Method to estimate the eddy
diﬀusion coeﬃcient
Hoppel and Gathman (1971) suggest that for a
uniform aerosol concentration over sea surface,
the value of eddy diﬀusion coeﬃcient can be esti-
mated from the measurements of the surface elec-
tric ﬁeld and the small ion space charge densities
at 1 or 1.5m height. For low aerosol concentra-
tions of 5× 108 or 5× 109 m−3, calculations of KK
show that the large ion space charge density varies
linearly with the surface electric ﬁeld and does
not show any signiﬁcant change with the change
in surface radioactivity for the same strength of
turbulent mixing. Also, the vertical distribution of
ion densities for diﬀerent ionization proﬁles is such
that the average space charge density in the lowest
two meters or so does not diﬀer signiﬁcantly even
for two extreme values of Q1 (4.8 and 80) used
in our calculations. Since the space charge density
has linear relationship with the change in electric
ﬁeld irrespective of the total aerosol concentration,
we can use our present results for high aerosol
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Figure 2. Variation of the (n′′)0.2 with χ0.58 for diﬀerent
values of Z.
concentration along with the previous results for
low aerosol concentrations. Further, the space
charge density close to the Earth’s surface can be
scaled up by dividing it with a normalized electric
ﬁeld, i.e.,
n′′ =
n′∣∣∣E(0)E
∣∣∣ , (28)
where n′ is the average number density of elemen-
tary charges in the lowest 2m, E(0) is the surface
electric ﬁeld and E = −100Vm−1 is the electric
ﬁeld used for normalizing it.
A plot of space charge against χ in an aerosol
environment gives a polynomial of higher degree.
However, we ﬁnd by hit and trial method that
when (n′′)0.2 is plotted against χ0.58 for a ﬁxed
aerosol concentration, the curve is suﬃciently
linearized with a correlation coeﬃcient for a
linear ﬁt of >0.99. Figure 2 shows diﬀerent lines
drawn from our earlier (KK) and present calcu-
lations for diﬀerent values of aerosol concentra-
tions when E = E(0) = −100V m−1 and Q1 = 80.
The lines in ﬁgure 2 for a ﬁxed value of Z, can be
represented by
(n′′)0.2 = Aχ0.58 + (n′)0.2at χ=0. (29)
The value of constant A varies in the range
−1.5044 ± 0.2576 for aerosol concentrations
Figure 3. Variation of the ((n′′)χ=0)0.2 with Z for χ = 0.
Figure 4. Variation of the log(n′′)2/3 with χ0.64 for diﬀerent
values of Z.
between 5× 108 and 1011 m−3. Since the slopes of
lines for aerosol concentrations of 5× 108, 5× 109
and 1011 m−3 are nearly the same, such variations
for other values of aerosol concentrations within
this range can be justiﬁably represented by inter-
polating the lines nearly parallel to these lines.
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Figure 5. Variation of the log((n′′)χ=0)2/3 with Z0.15 for
χ = 0.
From ﬁgure 2 we can plot (n′′)0.2 against Z for
a ﬁxed value of χ. For example, ﬁgure 3 shows a
plot for χ = 0. The relation is almost linear and,
for a given value of Z, can be represented by,
(n′′at χ=0)
0.2 = −10.8066Log10Z + 151.3034. (30)
Values of constants are given up to four decimal
places to have better accuracy from log functions.
A similar linear relationship is observed and nearly
parallel lines as in ﬁgure 2 are obtained for diﬀerent
values of Z when (2/3) Log n′′ is plotted against
χ0.64 (ﬁgure 4). In this case as well the correlation
Table 1. Comparison of the eddy diﬀusion coeﬃcients calculated from Hoppel and Gathman’s (1972)
data with the present (Kae), Hoppel and Gathman’s (Kae(HG)) and the bulk aerodynamic (Kba)
methods.
Kae Kae(HG) Kba
Date (m2 s−1) (m2 s−1) (m2 s−1) K(HG)ae /Kba Kae/Kba
26 February 0.06 0.11 0.103 1.1 0.58
27 February 0.05 0.11 0.083 1.3 0.60
1 March 0.11 0.15 0.105 1.5 1.05
6 March 0.09 0.16 0.120 1.3 0.75
8 March 0.14 0.17 0.123 1.4 1.14
Average of 5 days 0.09 0.14 0.107 1.32 0.82
Kae is the mean of the two values calculated from the day’s maximum and minimum values of the
data of Hoppel and Gathman (1972).
coeﬃcient for linear ﬁt is observed ≥0.99. The set
of lines in ﬁgure 4 for a ﬁxed value of Z can be
represented by
2
3
Log10n
′′ = Bχ0.64 +
2
3
Log10(n
′′)at χ=0. (31)
The value of constant B varies in the range
−0.0477 ± 0.0160 for aerosol concentrations of
5× 108 to 1011 m−3. Figure 5 is a plot of
[(2/3)Log10(n′′)at χ=0] against Z0.15 for χ = 0 and
the relation can be represented by
2
3
Log10(n
′′)at χ=0 = −0.0342Z0.15 + 6.5432. (32)
Substituting the values of n′′ for χ = 0 and a ﬁxed
value of Z from (30) and (32) into (29) and (31)
respectively, we get
(n′′)0.2 = −1.5044χ0.58 − 10.8066Log10 Z
+ 151.3034, (33)
2
3
Log10n
′′ = −0.0477χ0.64 − 0.0342 Z0.15
+ 6.5432. (34)
Equations (33) and (34) can be solved to get the
values of χ and Z using known value of n′′.
Since two unknown variables, χ and Z, are
involved, it is diﬃcult to calculate individual error
in the estimation of both. The utility of this
method can, however, be checked by comparing the
estimates made with this method with those made
with some other independent standard method.
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Values of the eddy diﬀusion coeﬃcient in the
atmosphere vary over 3 orders of magnitude under
diﬀerent stability conditions (Draxler 1979; Hanna
1982). Draxler (1979) ﬁnds that the standard devi-
ation about the annual average of eddy diﬀusivity
is about 50% for each stability category and the
seasonal values all fall within this range. Since the
maximum error in calculating the eddy diﬀusion
coeﬃcient by the atmospheric electric method may
not exceed 30% (Hoppel and Gathman 1972), such
estimates may not lead to wrong conclusions in
deciding the class of stability of the atmosphere.
Value of n′′ is found from the measured values of
electric ﬁeld and space charge and the correspon-
ding values of χ and Z are calculated from (33)
and (34).
3.3 Comparison of the eddy diﬀusion
coeﬃcient values computed from
diﬀerent methods
We have calculated the eddy diﬀusion coeﬃcient,
K, with our atmospheric electric method, using
Hoppel and Gathman’s (1972) data obtained over
ocean. These data are recorded oﬀ the east coast
of Barbados from two small ﬁshing boats, 6.4m
in length. Wind speed is recorded by aerovane-
type anemometer at 3.3m level from the mean
water surface along with the dew point hygro-
meter system for measuring air temperature and
dew point. Atmospheric electrical conductivity is
measured by Gerdien-type condenser. On another
boat, space charge is measured using Faraday
cage of 1.83m in length, centered about 1.5m
above mean water surface. On the exterior of the
cage, calibrated Po210 probe is mounted for the
measurement of electric ﬁeld. Table 1 displays
values of eddy diﬀusion coeﬃcient calculated with
the atmospheric electric methods of ours (Kae),
Hoppel and Gathman’s (1972) (Kae(HG)) and with
the bulk aerodynamic method (Kba). The average
departure of Kae from Kba is ∼18% in our case and
∼32% in the case of Hoppel and Gathman (1972),
i.e., with respect to Kae(HG).
Table 2 displays values of mixing parameter
and aerosol concentration computed from our
atmospheric electric method using data of some
experiments conducted in the past. It also dis-
plays values of mixing parameter estimated from
the bulk aerodynamic method and from Tuomi’s
formula (1982) for the average meteorological con-
ditions prevailing during diﬀerent experimental
periods. In these experiments, electric ﬁeld is
obtained at the earth’s surface, and space charge
is measured either with the ﬁltration apparatus
installed at two or three levels in the lowest 1–2m
(Crozier 1965 and Kamra 1982), or with a Faraday
cage with its centre at a height of either 1.5m from
water surface (Hoppel and Gathman 1972) or 1.8m
above ground (Pawar and Kamra 2000). Since
space charge density has steep gradients close to
ground surface during calm periods at night-time,
its measurements only at three levels may not be
enough for accurate estimation of its average values
in the lowest 1–2m during such periods. Hence
no attempt has been made to evaluate the mixing
parameter with the data obtained by Crozier
(1965) and Kamra (1982) during such periods.
Further, as shown by Pawar and Kamra (2000),
the Faraday cage measurements of space charge are
reliable only in the well-mixed atmosphere. There-
fore, only daytime data of Pawar and Kamra (2000)
are used in our comparative study. The agreement
for the values of eddy diﬀusivity calculated from
diﬀerent methods in table 2 is reasonably good
considering that the variables used to calculate
eddy diﬀusivity in various methods represent an
average value for a period of at least 3 hours.
4. Conclusions
We conclude that:
• large concentration of aerosols causes a drastic
reduction in the electrode layer thickness,
• the atmospheric electrical method can be used
to determine the eddy diﬀusion coeﬃcient even
over land surface,
• eddy diﬀusivity can be calculated from the
measurements of surface electric ﬁeld and the
average space charge density in the lowest 2
meters or so, and
• the values of the eddy diﬀusion coeﬃcient cal-
culated from our atmospheric electric method
reasonably agree with those determined from
Hoppel and Gathman’s (1972), the bulk aero-
dynamic, and Tuomi’s methods.
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